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ABSTRACT 8 
This paper investigates the mechanical properties of 10 steel fibre reinforced concrete (SFRC) mixes at fibre dosages 9 
of 30, 35 and 45 kg/m3. Manufactured Steel Fibres (MSF) are used on their own, or blended with sorted steel fibres 10 
recycled from end-of-life tyres (RTSF). To characterise the flexural behaviour of the mixes, two flexural test methods, 11 
BS EN 14651:2005 3-point notched prism tests and ASTM C1550-05 centrally loaded round panel tests are employed. 12 
A strong correlation is found in the flexural behaviour of the SFRC prism and round panel specimens, with corresponding 13 
conversion equations proposed. The mechanical properties of hybrid mixes using RTSF vary depending on dosages, 14 
but are comparable with those of MSF-only mixes at the same fibre dosage. A positive synergetic effect is derived from 15 
hybrid mixes containing 10 kg/m3 of RTSF. 16 
Keywords: SFRC; Recycled tyre steel fibres (RTSF); Hybrid steel fibres; Flexural performance; 3-point 17 
notched prism tests; Centrally loaded round panel tests; Synergetic effect. 18 
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1 INTRODUCTION 19 
Annually about 1.5 billion tyres are produced and around 1 billion tyres (17 million tonnes) [1] reach their end of life 20 
worldwide[2]. To minimise the environmental impact of end-of-life tyres and generate value, the tyre recycling industry 21 
has developed various processes to extract the main tyre constituents (rubber, steel and polymer) [3]. The most 22 
commonly used and financially viable tyre recycling techniques adopt a combination of mechanical shredding and 23 
granulation, which produces steel fibres of irregular shapes, lengths and diameters. However, these fibres are often 24 
heavily contaminated with rubber (up to 20% by mass) and are prone to agglomeration due to significant geometrical 25 
irregularities and excessive aspect ratios. Further processing is thus required to: (1) minimise rubber contamination to 26 
less than 0.5% by mass, (2) limit the fibre length and diameter distribution to those that are effective in concrete (3) and 27 
avoid agglomeration before and during concrete mixing. Only after the tyre wire has been cleaned, sorted and classified, 28 
the product (³5Hcycled T\UH6WHHO)LEUHV´576)) can satisfy the Quality Assessment requirements for construction 29 
materials and thus can be used in concrete as structural reinforcement. Since 1999, numerous studies have been 30 
conducted at The University of Sheffield to investigate the mechanical properties of RTSF [4±10] and their potential in 31 
structural applications [11±15], and a patent application was filed in 2001 [16]. A spin-out company now produces 32 
classified RTSF. Comparative LCA studies [17,18] have shown that the RTSF production consumes only up to 5% of 33 
the energy required for the production of typical Manufactured Steel Fibres (MSF), highlighting the significant 34 
environmental benefits of RTSF. 35 
MSF are commonly used as reinforcement in concrete applications such as industrial flooring [3,19,20] and tunnel 36 
linings [21]. Previous research [20,22±29] showed that the incorporation of steel fibres can significantly enhance the 37 
post-cracking residual strength, ductility and flexural toughness of a cementitious matrix, whilst their influence on 38 
compressive strength and modulus of elasticity is relatively small, unless a high fibre dosage is used [30]. However, in 39 
the majority of SFRC applications [26], only single-type fibre (i.e. MSF) reinforced concrete is used. The use of single-40 
type fibres can be effective in arresting or bridging cracks of specified widths, but the fracture process of concrete matrix 41 
is more multi-scale and gradual [26]. The use of blended fibres with different aspect ratios (length/diameter) and physical 42 
properties (³ILEUHK\EULGLVDWLRQ [23]´ in concrete), may provide better crack control over a broader range of crack widths. 43 
Several studies [23,25±27,29,31±35] on hybrid FRC (or mortar) have demonstrated that fibre hybridisation can lead to 44 
a better performance than that of single-type fibres. Khaleel et al. [36] reported that hybrid SFRC using 1% (by mass) 45 
of cleaned and sorted RTSF blended with 1% of undulated MSF exhibited higher flexural strength and toughness, 46 
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compared to SFRC mixes containing 2% of undulated MSF.  Nevertheless, this positive synergetic effect has not always 47 
been observed in previous studies using recycled tyre wire due to fibre agglomeration or unsuitable fibre combinations 48 
[33,37], in particular when unclassified and unsorted fibres were used. Since RTSF have a wide fibre length distribution 49 
and a higher nominal tensile strength than typical MSF, the mechanical properties of hybrid SFRC containing both MSF 50 
and classified RTSF, at different dosages, needs to be investigated. The results presented in this study are part of the 51 
FP7 EU-funded project ³$QDJHQQLVL´[38] which aimed to develop uses for all tyre components in concrete. 52 
Uniaxial tension tests for SFRC are difficult to conduct and interpret [11,12,30,39] and as a consequence flexural tests 53 
have become the preferred method to characterise the post-cracking residual flexural tensile strength and flexural 54 
toughness of SFRC. Nonetheless, various testing methodologies are available in different design codes of practice 55 
(Europe: [30,40±45], US: [46±48], Japan: [49]) and several researchers have developed their own test methods [50±56 
52], including 3 or 4-point prism and single-point loaded, square slab and round panel tests. Compared with 4-point un-57 
notched prism and square slab tests, BS EN 14651:2005 3-point (or even 4-point) notched prism [41] and ASTM C1550-58 
05 round panel tests [48] have the advantage of generating consistent and predictable modes of failure [52], leading to 59 
a better comparison between different materials tested. Hence, these two tests are more universally adopted than 60 
others.  61 
FRC test results are characterised by high variability due to non-uniformity in fibre distribution. Furthermore, test results 62 
from prisms are often associated with a larger scatter when compared to those from round panels, mainly due to 63 
significant differences in the fracture zone (roughly 187 cm2 for prisms whilst 900 cm2 for round panels). As a 64 
consequence of this, a minimum number of 12 tests for prisms [53] and 3 tests [48] for round panels are required per 65 
mix. It should be noted that prisms come with the extra requirement of saw cutting for notching, but the actual test is 66 
simpler and only requires a small-capacity testing machine.  67 
Owing to the extensive experimental workload required, only one of the two testing methods is adopted in most research 68 
studies [14,20,51,52,54±58], which makes comparisons difficult. For the design of SFRC structures, the post-cracking 69 
residual flexural tensile strength  ோ݂ of SFRC prisms is commonly adopted in RILEM TC 162-TDF [40], CEB FIP Model 70 
Code 2010 [30], and Concrete Society TR 34 [45]. This underscores the need to determine this quantity accurately and 71 
to correlate the results from the standard 3-point notched prism tests and the round panel tests used in the American 72 
practice. One problem associated with such a correlation is that different fracture parameters are adopted in these two 73 
tests. ோ݂ values at specified crack mouth openings (CMODs) are used for prism tests, while energy absorption capacity 74 
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(ܧ values) up to selected deflections are adopted for round panel tests. Furthermore, flexural tensile strength ௖݂௧௠ǡ௙௟  of 75 
the prisms can be calculated from the ultimate load of the load-deflection curves, but its counterpart from round panels 76 
is not included in ASTM C-1550. Bernard [20] proposed a calculation for the flexural strength based on the yield line 77 
theory for ASTM round panels, but the size of the loading plate (area of load) was not considered. Limited studies 78 
[20,51,52,59,60] have investigated the correlation between SFRC prisms with different geometric characteristics and 79 
round panel tests with regard to fracture parameters, but only MSF or some synthetic fibres (e.g. polypropylene fibres) 80 
were examined. The correlations between 3-point notched prism and round panel tests for steel fibre hybrids are rare 81 
and inconclusive, especially when RTSF is incorporated.  82 
To address several of the above issues, the flexural performance of 10 SFRC mixes, using MSF on their own or blended 83 
together, is examined in this study employing both prism and round panels. This paper is structured as follows, section 84 
2 introduces the experimental details of this study, including the geometrical and mechanical characterisation of both 85 
MSF and RTSF, the experimental campaign and concrete mix design. Section 3 presents the experimental results of 86 
SFRC under uniaxial compression and flexure (using two types of tests). Thereafter, correlations between the two 87 
flexural tests and the synergetic effect in hybrid mixes are discussed. Section 4 presents the design considerations of 88 
using hybrid SFRC reinforced with RTSF in structural applications and section 5 summarises the key research findings.  89 
2 EXPERIMENTAL DETAILS 90 
2.1 Fibre characterisation 91 
RTSF (Figure 1 (a)) and two types of manufactured undulated (crimped) steel fibres, MSF1 (Figure1 (b)) and MSF 2 92 
(Figure 1 (c)) were used in the study. Previous studies conducted by Neocleous et al. [13] suggests that RTSF with an 93 
aspect ratio greater than 200, can induce fibre balling even at low fibre dosages. A photography system was developed 94 
to determine the length and aspect ratio distribution of RTSF [15]. The system captures images of fibres passing in front 95 
of a screen with a high-speed camera and analyses the geometry of each fibre. The length distribution of a 96 
representative sample of approximately 60,000 fibres was found to be 68% (by mass) between 15-40 mm (Figure 2 (a)) 97 
with a mean length of 23 mm. Figure 2 (b) shows a histogram of the RTSF aspect ratio distribution, where a mean value 98 
of around 110 has been obtained. MSF1 had greater length, diameter and tensile strength than MSF2. Table 1 99 
summarises the geometrical and mechanical characteristics of the three fibre types.  100 
 101 
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                                                                   (a)                                               (b)                        (c) 103 
                                                                Figure 1: (a) RTSF, (b) MSF1 and (c) MSF2 104 
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  Table 1: Geometrical and mechanical specifications of RTSF, MSF1 and MSF2 116 
  * The nominal values for RTSF 117 
2.2 SFRC mixes tested and mix design  118 
Steel fibre dosages ranging between 30-45 kg/m3 are commonly used in structural applications such as slabs-on-grade 119 
and suspended slabs on piles, to resist flexural and punching shear failure modes. Hence, two fibre dosages, were 120 
mainly investigated in this study: 30 kg/m3 (volume fraction ௙ܸ ൌ  ?Ǥ ? ? ?) and 45 kg/m3 ( ௙ܸ ൌ  ?Ǥ ? ? ?). An additional mix 121 
Fibre type Length (mm) Diameter (mm) Aspect ratio Tensile strength (MPa) Elastic modulus (GPa) 
    a - RTSF 23* 0.22* 100* 2570* 200 
    b - MSF1  60േ2 1.0േ0.04 60.0 1450 200 
    c - MSF2 55േ2 0.8േ0.04 68.8 1050 200 
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Figure 2: RTSF histograms: (a) fibre length distribution; (b) aspect ratio distribution 
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of 35 kg/m3 ( ௙ܸ ൌ  ?Ǥ ? ? ?ሻ (mix F) was also tested to evaluate the performance of the higher strength MSF1 fibre at a 122 
lower dosage than the typical dosage of 45 kg/m3 used in suspended slabs. A RTSF-only mix at 45 kg/m3 was also tried 123 
but discarded due to balling issues, indicating the critical fibre dosage of RTSF using a conventional mixer is about 30 124 
kg/m3. A higher dosage of RTSF up to 36 kg/m3 was reported by Centonze et al. [61] when a planetary mixer was 125 
employed. Table 2 shows details of the mixes including fibre type examined and their dosage. 126 
To characterise the flexural and compressive properties of SFRC, 12 (or 6) prisms, 3 round panels and 6 cubes were 127 
cast per mix. Only 6 prisms were cast for mixes C, D, E, I and J to have a more comprehensive parametric investigation 128 
with less experimental workload. Due to the large volume of concrete required, the SFRC mixes were cast in 5 separate 129 
batches of ready-mixed concrete. For each batch, 6 plain concrete prisms and 6 cubes were also cast and then tested 130 
as control specimens. 131 
       Table 2: Experimental campaign 132 
Total fibre 
dosage  
(kg/m3) 
Mix Batch 
no. 
Plast. 
(L/m3) 
Additional 
Water 
(L/m3) 
Slump 
(mm) 
before/after 
MSF1 
dosage 
(kg/m3) 
MSF2 
dosage 
(kg/m3) 
RTSF 
dosage  
(kg/m3) 
Avg. ௖݂௨ 
(MPa) 
SFRC/Plain 
Stdev. 
(MPa) 
SFRC/Plain 
30 
A 3 1.8 6.6 20/70 - 30 - 43.9/42.0    1.8/0.9 
B 4 1.5 3.3 60/120 - 20 10 42.6/46.1    2.2/2.0 
C 1 1.5 0 100/100 - 15 15 44.3/47.5    1.9/1.1 
D 1 1.5 0 100/100 - 10 20 44.6/47.5    1.9/1.1 
E 5 1.5 3.3 50/150 - - 30 41.8/37.6    1.9/3.7 
35 F 3 1.8 6.6 20/70 35 - - 42.9/42.0    1.9/0.9 
45 
G 3 1.8 6.6 20/70 45 - - 41.9/42.0    1.0/0.9 
H 4 1.5 3.3 60/120 35 - 10 42.8/46.1    0.2/2.0 
I 1 1.5 0 100/100 22.5 - 22.5 50.3/47.5    2.4/1.1 
J 2 1.5 3.3 30/80 10 - 35 44.5/39.9    0.7/1.0 
 133 
The fibres were added manually during mixing, and vibration was applied after the moulds were filled with concrete. 134 
The specimens were cured in the moulds for 48 hours. After demoulding, all specimens were covered with wetted 135 
hessian fabric and plastic sheet was placed on top to retain moisture for the duration of curing, at a temperature of 22 136 
± 3 °C. After 28 days of curing, all hessian and plastic sheets were removed a nd specimens were left to dry. All 137 
specimens were tested at the age of 35-60 days. 138 
The workability of concrete can be affected adversely by fibre inclusion [62,63]. Though the slump test is not the best 139 
indicator of workability for SFRC materials (ACI 544.2R-89 [64]), it is still useful as a qualitative measure to maintain a 140 
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consistent workability of concrete from batch to batch and it is still extensively used by the flooring industry. The common 141 
procedure adopted by the flooring industry for adding fibres in concrete was followed: The initial slump of the delivered 142 
ready mix concrete was taken which ranged from 20 to 100 mm (see Table 2) and additional water was added to the 143 
concrete mix if the measured slump was lower than 100 mm. After the addition of the water, the slump was checked 144 
again to reach at least 70 mm. Superplasticiser was then added which caused a collapse slump (beyond 260 mm). 145 
After the addition of fibres, the slump reduced to roughly the same levels as after the addition of the water (70-150 mm). 146 
No major fibre agglomeration has been observed during all 5 concrete castings; the target concrete compressive 147 
strength, ௖݂௨, was 40 MPa. The concrete mix design was 150 kg/m3 of cement, 150 kg/m3 of GGBS, 1097 kg/m3 of 148 
coarse aggregates (4-20 mm), 804 kg/m3 of coarse gravel aggregates (0-4 mm). The initial water cement ratio (w/c) 149 
was 0.55. 150 
2.3 Compressive cube tests: specimens preparation and testing procedure 151 
The concrete cubes (150 mm) were tested under uniaxial compressive loading according to BS EN 12390-3: 2009 [65]. 152 
The dimensions of each cube were recorded before testing. 153 
2.4 Flexural tests on prisms: specimens preparation and testing procedure 154 
According to BS EN 14651:2005 [41],  a notch (5 mm thick and 25 mm deep) was sawn at mid-span of each prism (150 155 
mm x 150 mm x 550 mm) a day before testing. All prisms were tested under 3-point bending (Figure 3), using a 300 kN 156 
universal electromechanical testing machine. Two central deflections were recorded on either side of the specimens 157 
using two Linear Variable Differential Transformers (LVDTs), placed on an aluminium yoke. The Crack Mouth Opening 158 
Displacement (CMOD) was also measured at mid span with a 12.5 mm clip gauge (mounted under the notch of the 159 
prism). The loading point was free to rotate both in-plane and out-of-plane and the appropriate horizontal degrees of 160 
freedom were enabled at the supports. The tests were CMOD-controlled at a constant rate of 0.05 mm/min for CMOD 161 
from 0 to 0.1 mm and 0.2 mm/min for CMOD from 0.1mm until 4 mm. The dimensions of each specimen, including the 162 
distance between the tip of the notch to the top of each specimen were recorded before testing. All cracks initiated from 163 
the notch tip and then propagated to the top of the prism.  164 
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 165 
Figure 3: Flexural prism testing setup 166 
2.5 Flexural tests on round panels: specimens preparation and testing procedure 167 
The SFRC round panels were tested using a 250 kN hydraulic actuator, following the testing arrangement and 168 
procedure of ASTM C1550-05 [48]. Each round panel was centrally loaded and supported on three symmetrically ( ? ? ? ?) 169 
arranged pivots on a pitch circle diameter of 750 mm (Figure 4). The test was under displacement control at a constant 170 
central deflection rate of 4 mm/min up to a maximum central deflection of 45 mm. Cracks initiated from the bottom 171 
central point of the panel and gradually propagated to the edges between the supports, forming three radial cracks at 172 
angles of  ? ? ? ?. Due to the random distribution of aggregates and fibres, the principal cracks do not propagate in a 173 
straight line (Figure 5). Furthermore, a large number of secondary cracks developed from the macrocracks. 174 
          175 
                Figure 4: Flexural round panel test setup                                  Figure 5: Flexural round panel testing setup 176 
Clip gauge 
Yoke 
LVDT 
External LVDT 
A1           A2           A3           B1          B2           B3 
C1           C2           C3           D1          D2          D3 
 E1           E2           E3           F1          F2           F3 
G1           G2          G3           H1          H2           H3 
   I1            I2           I3            J1           J2            J3 
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3 EXPERIMENTAL STUDIES AND RESULTS 177 
3.1 Compressive tests 178 
The SFRC cube compressive strength ௖݂௨ ranged from 41.8 to 50.3 MPa, whilst the plain concrete compressive strength 179 
ranged from 37.6 to 47.5 MPa (see Table 2). The variability found is considered typical for ready mixed concrete. 180 
Compared to plain concrete, the compressive strength marginally increased up to approximately 5% due to the addition 181 
of MSF only, while an increase of around 10% was observed for mix E [RTSF (30)]. For hybrid mixes there was a small 182 
loss of strength (roughly 7%) at total fibre dosage of 30 kg/m3, while at 45 kg/m3, the strength change ranged from -7% 183 
to 11 %. Overall, the compressive strength of the hybrids was slightly better when using a higher dosage of RTSF. 184 
In literature, the influence of steel fibres on the compressive strength of concrete is still inconclusive. For MSF, up to 185 
around 20% increase of compressive strength is reported by [29,62,66] when up to 78kg/m3 of fibres was added, whilst 186 
a marginal effect or even a reduction up to 10% of compressive strength can be found in [67,68]. Very few studies 187 
investigated the effect of RTSF on the compressive strength of concrete. Up to 20% of enhancement was reported in 188 
[9,61,63] when adding no more than 48 kg/m3 of RTSF, whilst a marginal effect was also reported in [33,35]. The 189 
variability in compressive strength can be explained by the fact that air trapped around fibres can decrease the strength 190 
[3], whilst fibres can arrest lateral microcracks and delay their coalescence in macrocracks, leading to marginal 191 
increases in strength. A significant reduction up to 20% was reported in [69] for concrete with unclassified and unsorted 192 
steel beads from waste tyres. This reduction in strength may be due to rubber (in free form or attached to the steel), 193 
and the highly variable geometrical characteristics of the beads that are prone to agglomeration. This highlights the 194 
importance of using clean and classified RTSF to limit variability. 195 
3.2 Flexural prism tests 196 
3.2.1 Relationship between measured deflection and CMOD values 197 
The mid-span deflection of a prism, was taken as the mean of the deflection values measured from the 2 vertical LVDTs. 198 
It is noted that both vertical displacement measurements were in good agreement (see Figure 6) indicating little torsional 199 
effects, as also found by Soutsos et al. [66].  200 
A linear relation between CMOD and average deflection is proposed by BS EN 14651:2005 [41], as given below, 201 
                      ܣݒ݁ݎܽ݃݁݀݂݈݀݁݁ܿݐ݅݋݊ሺ݉݉ሻ ൌ ݇ כ ܥܯܱܦሺ݉݉ሻ ൅  ?Ǥ ? ?݉݉, ݇ ൌ  ?Ǥ ? ?                                       (1) 202 
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This has been also confirmed by this study, where a very strong correlation was found between CMOD and averaged 203 
deflection values for all SFRC prisms tested. ݇ ranged from 0.77 to 0.82, with coefficients of determination ܴଶ ൐  ?Ǥ ? ?.  204 
Slightly higher values of ݇ than those proposed by BS EN 14651 was reported in [51] when adding 45 kg/m3 of hooked-205 
end MSF with an aspect ratio of 66.7 in concrete. A linear relation between CMOD and average deflection employing 206 
4-point notched SFRC prism tests was reported in [37], when both MSF and unsorted RTSF were used. The linear 207 
relationship between CMOD and deflection values allows for the possibility of measuring just one of them in the prism 208 
test. 209 
 210 
Figure 6: Typical deflection values obtained from two LVDTs and CMOD 211 
3.2.2 Load-deflection curves 212 
Since load-CMOD curves showed very similar behaviour to load-deflection curves, only the load-deflection curves are 213 
presented and discussed in this section. Figures 7 and 8 show the load-deflection curves for SFRC mixes at 30 kg/m3, 214 
and 45 kg/m3 (and also 35 kg/m3), respectively. Load-deflection curves for single-fibre-type reinforced concrete and 215 
plain concrete prisms are shown in solid lines, while hybrid SFRC prisms are shown in dashed lines.  216 
The solid red curves indicate the typical brittle behaviour of plain concrete, which highlights the weakness of concrete 217 
in tension. Generally, improved flexural performance can be obtained from concrete with higher total fibre dosage, from 218 
30 kg/m3 to 45 kg/m3. The 35 and all 45 kg/m3 mixes exhibited deflection hardening behaviour, which was only found 219 
from hybrid mix B [MSF2 (20) + RTSF (10)] at the total fibre dosage of 30 kg/m3. 220 
The best flexural performance was found from hybrid mixes B [MSF2 (20) + RTSF (10)] and H [MSF1 (35) + RTSF (10)] 221 
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in the two groups of mixes, indicating that hybrid SFRC mixes containing 10 kg/m3 of RTSF can show better flexural 222 
performance than MSF-only mixes at the same fibre dosage. Compared to other SFRC mixes, a sharper descending 223 
gradient occurs for mixes containing more than 22.5 kg/m3 of RTSF (RTSF-only mix E and hybrid mixes I and J) starting 224 
at a deflection of approximately 1.5 mm. This may be due to the fact that shorter RTSF can debond or even pull out at 225 
large crack widths, leading to progressive damage. This also suggests that RTSF, due to their geometrical 226 
characteristics, are less effective at controlling macrocracks than MSF, as also reported by Graeff et al. [7] for fatigue 227 
tests and Zamanzadeh et al. [54].  228 
CEB-FIP Mode Code 2010 [30] relates the constitutive laws of FRC at the SLS and ULS to the CMODs of 0.5 mm and 229 
3.5 mm for the prism tests, respectively. This implies that the contribution of RTSF can be more beneficial at service 230 
conditions, but less helpful at large displacements or crack widths. 231 
 232 
Figure 7: Load-deflection curves for SFRC mixes at 30 kg/m3             Figure 8: Load-deflection curves for mixes at 35 and 45 kg/m3   233 
3.2.3 Flexural modulus of elasticity ሺࡱࢌ࢓ሻ, residual flexural tensile strength (ࢌࡾ) and flexural 234 
tensile strength (ࢌࢉ࢚࢓ǡࢌ࢒ି૚) 235 
Flexural modulus of elasticity ሺܧ௙௠ሻ 236 
The modulus of elasticity of concrete can be measured directly via compressive tests or indirectly via flexural tests. 237 
Elastic analysis was used to determine the flexural modulus (by matching results up to 40% of the ultimate flexural load) 238 
from flexural tests (Figure 9). Since the load spreading effect was found to be negligible [12], the dimensions of the 239 
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loading and supporting rollers was not considered. Ignoring shear deformation in the prism, the linear equation relating 240 
the load-deflection stiffness to ܧ௙௠ is given below, 241 
                                                                                      ܧ௙௠ ൌ ௉௅యସ଼ூఋ                                                                              (2)            242 
Where ௉ఋ (kN/mm) is the slope of the initial part of the load-deflection curve, ܮ (mm) is the span of the prism, ܫ (mm4) is 243 
the second moment of area of the middle cross-section.  244 
 245 
Figure 9: The determination of flexural modulus ܧ௙௠ 246 
Figure 10 shows the flexural modulus ܧ௙௠ and related standard deviations of all SFRC mixes tested. The counterparts 247 
for plain concrete are shown in grey columns. 248 
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 249 
              Figure 10: ܧ௙௠ of SFRC and plain concrete prisms 250 
All SFRC prisms showed similar ܧ௙௠  to the plain concrete. A similar conclusion was also arrived by Jafarifar [14], when 251 
60 kg/m3 of RTSF (of slightly shorter lengths) was added to conventional concrete or roller compacted concrete. RTSF-252 
reinforced mixes showed comparable moduli and standard deviations to MSF-only mixes. Air entrapped around the 253 
fibres could have a negative effect on the elastic modulus, while the steel fibres can contribute in a positive manner. 254 
Since both effects are small in low fibre dosages, no significant change in the elastic properties is expected. 255 
Residual flexural tensile strength ( ோ݂) 256 
BS EN 14651:2005 [41] follows a methodology first adopted by RILEM TC 162-TDF [40], to characterise the residual 257 
flexural tensile behaviour of SFRC prisms, where flexural stresses ( ோ݂ଵ, ோ݂ଶ, ோ݂ଷ and ோ݂ସ) are calculated from the load-258 
CMOD curves at 0.5, 1.5, 2.5 and 3.5 mm of CMOD, respectively. The calculation of ோ݂ [41] for 3-point bending test is 259 
given below, 260 
                                                                                     ோ݂௜ ൌ ଷிೃ೔௟ଶ௕௛ೞ೛మ                                                                                  (3) 261 
Where ܨோ௜ (N) is the applied load at CMODs of 0.5, 1.5, 2.5 and 3.5 mm (݅ ൌ  ?ǡ ?ǡ ?ǡ ?). ܾ ൌ  ? ? ?݉݉ is the width of prism, 262 ݈ ൌ  ? ? ?݉݉ is the span length and ݄௦௣ is the distance between the tip of the notch to the top of the specimen.  263 
Figure 11 shows the  ோ݂௜ values (in MPa) of all SFRC mixes. Coefficients of variation (COV) for those values are listed 264 
in brackets. 265 
A B C D E F G H I J
SFRC mixes 30.5 31.5 31.2 31.6 29.2 30.1 29.4 29.7 34.6 32.0
Plain concrete 32.9 34.4 30.3 30.3 30.9 32.9 32.9 34.4 30.3 32.0
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 272 
Since plain concrete always fails in flexure before CMOD reaches 0.5 mm, ோ݂ values and correspondant variability 273 
values for plain concrete mixes are not applicable. Figure 11 shows that ோ݂ସ values for 30 kg/m3 SFRC mixes are lower 274 
than the flexural tensile strength of the correspondent plain concrete, however, ோ݂ସ values for 35 kg/m3 and 45 kg/m3 275 
mixes (apart from hybrid mix J containing 35 kg/m3  of RTSF) are higher, indicating that MSF are more effective  at 276 
³EULGJLQJ´ macrocracks due to their longer length, larger diameter and deformed shape. The COV for the residual 277 
flexural tensile strengths for all mixes are within the range of 40%, which is in agreement with literature [51,54,70]. 278 
In this study, ோ݂ଵ and ோ݂ଶ, ோ݂ଷ and ோ݂ସ are shown to correlate to each other very well (Figure 12). In literature, a strong 279 
correlation between ோ݂ଵ  and ோ݂ସ  was also reported in [67] for two types of hooked-ends MSF and linear relations 280 
between ோ݂ଵ  and ோ݂ଷ, ோ݂ଵ and ோ݂ସ  were found by Zamanzadeh et al. [54] for unclassified RTSF. However, a strong 281 
correlation between ோ݂ଵ and ோ݂ଷ or ோ݂ସ was not found in this study.  282 
 A B C D E F G H I J 
fctm,fl-pc 3.1 (10%) 
3.2 
(9%) 
3.0 
(7%) 
3.0 
(7%) 
3.0 
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3.0 
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3.3 
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    fctm,fl-1 4.2 (17%) 
4.0 
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(6%) 
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(2%) 
3.6 
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4.8 
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        fR1 3.6 (25%) 
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Figure 11: ௖݂௧௠ǡ௙௟ିଵ and ோ݂ values of prisms (in MPa), and COV (in %) 
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 283 
Figure 12: Correlation between ோ݂ଵ and ோ݂ଶ, ோ݂ଷ and ோ݂ସ  of all prisms 284 
Flexural tensile strength ( ௖݂௧௠ǡ௙௟ିଵ) 285 
The concept of Limit of Proportionality (LOP), as a representation of the flexural tensile strength or initiation of flexural 286 
cracking,  is adopted by BS EN 14651:2005 [41]. In an attempt to determine LOP values, it was found that the standard 287 
procedure is susceptible to initial recording errors and irregularities in the load-deflection curves. Similar observation 288 
was made by Neocleous et al. [6]. On the other hand, flexural tensile strength ( ௖݂௧௠ǡ௙௟), adopted in BS EN 12390-5 [44], 289 
is the stress obtained from the ultimate load of the load-deflection curves for 4-point prism bending tests. The use of 290 
௖݂௧௠ǡ௙௟ was found to be less subjective and more convenient to compare prism tests to panel tests, as discussed later. 291 
The calculation of ௖݂௧௠ǡ௙௟ is given below, where ܨ௨ (N) is the ultimate load of the load-deflection curves. 292 
                                                                                 ௖݂௧௠ǡ௙௟ ൌ ଷிೠ௟ଶ௕௛ೞ೛మ                                                                                (4) 293 
In Figure 11, the subscript ±pc for ௖݂௧௠ǡ௙௟ values (in MPa) refers to plain concrete prisms, and -1 for SFRC prisms since 294 
1 principal crack is always developed in the prism. Coefficients of variation (COV) for those values are listed in brackets, 295 
and the small COV for ௖݂௧௠ǡ௙௟ି௣௖  suggests that the set-up for prism tests is stable and reliable. It is noted that for SFRC 296 
mixes, the COV increases from ௖݂௧௠ǡ௙௟ିଵ, ோ݂ଵ to ோ݂ସ. This can be explained by the fact that the post-cracking behaviour 297 
of SFRC depends increasingly more on fibre-matrix interaction, fibre distribution and orientation as cracks open, than 298 
the resistance provided by the matrix itself such as through aggregate interlock.  299 
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Compared to plain concrete of the same batch, ௖݂௧௠ǡ௙௟ିଵ increased by approximately 15% to 40% and 45% to 70% at 300 
total fibre dosages of 30 kg/m3, 45 (and 35) kg/m3, respectively. This confirms the positive effect of steel fibres in 301 
arresting microcracks and delaying their coalescence to form macrocracks, and it is evident that higher total fibre 302 
dosages can lead to higher ௖݂௧௠ǡ௙௟ିଵ values. At 30 kg/m3, the use of blended fibres did not enhance the ௖݂௧௠ǡ௙௟ିଵ values, 303 
whilst at 45 kg/m3, hybrid mixes showed similar or higher flexural strength than mix G (45 kg/m3 of MSF).  304 
3.3 Flexural round panel tests 305 
3.3.1 Deflection values measured by external and internal LVDTs 306 
The flexural toughness is evaluated based on the energy absorption capacity at specific central deflections. A 307 
transducer was mounted centrally beneath the panel to measure central deflection. The deflection from this and the 308 
internal transducer of the actuator are compared in Figure 13. As expected, the initial part of the deflection behaviour 309 
is better represented by the external LVDT, due to the inclusion of extraneous deflections arising from deformation of 310 
the load frame and concrete crushing at the supports in the actuator displacement record. However, there is only a 311 
marginal difference in the post-cracking behaviour between the two sets of measurements. 312 
  313 
                                                    (a)                                                                                                         (b) 314 
Figure 13: Deflection measurements from actuator and external LVDTs (a) a typical load-deflection curve, (b) initial part of the curve 315 
The diameter of each panel was measured prior to testing, using the average value of three measurements coincident 316 
with the support locations. After testing, the thicknesses of the panels were measured along the three principal cracks 317 
to estimate the average thickness; three measurements were taken along each crack and one in the centre (10 318 
measurements in total). Both diameter and thickness measurements confirm that the panels tested were within the 319 
limits of the standard. 320 
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3.3.2 Load-deflection curves 321 
Figures 14 and 15 show the load-deflection curves for SFRC round panels at the total fibre dosages of 30 kg/m3 and 322 
45 kg/m3 (also 35 kg/m3), respectively. As opposed to the prism tests, only deflection softening behaviour is observed. 323 
The beneficial effect of increasing the total fibre dosage on the flexural behaviour of SFRC round panels can be seen, 324 
with mixes at 45 (and 35) kg/m3 demonstrating an enhanced peak load and flexural toughness, when compared to 325 
mixes at 30 kg/m3. 326 
At 30 kg/m3, the best overall flexural performance was observed from hybrid mix B containing 10 kg/m3 of RTSF, whilst 327 
the lowest was found from RTSF-only mix E [RTSF (30)]. Blending RTSF with MSF results in a synergy that is able to 328 
combine the benefits of the individual fibre types at controlling cracks at different stages. 329 
At 45 kg/m3, the best flexural behaviour was seen for hybrid mix I [MSF1 (35) + RTSF (10)]. Surprisingly, the increase 330 
of MSF1 dosage (comparing mix G to F) in concrete showed little change in the post-cracking behaviour of SFRC, 331 
which might be an indication that the 45 kg/m3 exceeds the optimum fibre content for this fibre type, as it can cause 332 
more balling and air trapped in the mix. In hybrid mixes, the replacement of MSF with more than 22.5 kg/m3 of RTSF 333 
(mixes I and J) showed the lowest post-cracking capacity at large cracks, confirming the limitations of RTSF in 334 
controlling large cracks due to a combination of fibre breakage and fibre pull-out. 335 
  336 
Figure 14: Load-deflection curves for SFRC mixes at 30 kg/m3                Figure 15: Load-deflection curves for SFRC mixes at 35 kg/m3      337 
                                                                                                                               and 45 kg/m3             338 
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3.3.3 Energy absorption (ࡱ) and flexural tensile strength (ࢌࢉ࢚࢓ǡࢌ࢒ି૜) 339 
Energy absorption capacity 340 
To assess the flexural toughness of the round panels, the energy absorption capacity ܧᇱ up to central deflections of 5, 341 
10, 20 and 40 mm were obtained from the load-deflection curves according to ASTM C1550-05 [48]. As seen in Equation 342 
5, a correction factor ߚ ൌ  ? െ ሺߜ െ  ?Ǥ ?ሻȀ ? ? is used to accommodate for the variability in thickness, since thickness has 343 
a more pronounced influence on the post-cracking behaviour of panels than diameter [20].  344 
                                                                           ܧ ൌ ܧᇱ ቀௗబௗ ቁఉ ሺோబோ ሻ                                                                            (5) 345 
Where ߜ (in mm) is the specified central deflection up to which the energy absorption capacity is calculated; ܴ଴ ൌ346  ? ? ?݉݉ and ݀଴ ൌ  ? ?݉݉ are the nominal round panel radius and thickness, respectively; ܴ and ݀ are the measured 347 
radius and thickness values.    348 
Figure 16 shows the energy absorption capacity (ܧ, in J) for all SFRC mixes and their corresponding COV (shown in 349 
brackets). In general, the 35 and all 45 kg/m3 mixes showed higher energy absorption capacity than the 30 kg/m3 mixes, 350 
confirming the positive effect of fibre dosage on flexural toughness. 351 
Interestingly, the replacement of MSF with varying dosages of RTSF did not affect the variability of flexural toughness. 352 
The flexural tensile strength ( ௖݂௧௠ǡ௙௟ିଷ, in MPa) and the corresponding COV are presented in Figure 16, as discussed 353 
later. 354 
 355 
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 357 
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 359 
Figure 16: ௖݂௧௠ǡ௙௟ିଷǡ ܧହǡ ܧଵ଴ǡ ܧଶ଴ and ܧସ଴ of SFRC round panels 360 
Strong correlations are found between ܧହ and ܧଵ଴, ܧଶ଴ and ܧସ଴ (Figure 17), possibly because the larger fracture zone 361 
activated can lead to a more consistent post-cracking behaviour than that of the notched prisms. 362 
 363 
Figure 17: Correlations between ܧହ and ܧଵ଴, ܧଶ଴ and ܧସ଴ of SFRC panels 364 
Flexural tensile strength ( ௖݂௧௠ǡ௙௟ିଷ) 365 
As there is no direct correlation between the residual flexural tensile strength ோ݂ and the energy absorption capacity ܧ 366 
used by the two standards, a common parameter is needed to compare the results from the two tests. 367 
The yield line theory developed by Johansen in 1972, is a practical method to provide an upper bound solution for the 368 
collapse load of a structure and can help obtain the flexural strength  from panels [20]. Although the yield line method 369 
was originally developed for plastic materials, this approach has been found useful even for lightly reinforced SFRC. 370 
The Concrete Society TR 34 [45] adopts this method to determine the ultimate load capacity of FRC ground-supported 371 
slabs under different load combinations. Bernard [20] proposed an analytical relationship between the ultimate load and 372 
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the moment of resistance per unit length at yield lines for the ASTM round panels. However, the loading actuator was 373 
taken as a point load, which underestimates the effect of the real load being applied through a circular plate, hence 374 
overestimates flexural strength. By considering the actual geometry of the loading plate (see Figure 18), the ultimate 375 
load can be determined as, 376 
                                                        ௨ܲ ൌ ௠ሾଷ ?ଷሺோି௥ሻାଶగ௥ሿோି௥ି௖                                                                                            (6) 377 
As for the prisms, the moment of resistance of the panel per unit length can be calculated by considering a linear elastic 378 
distribution of stress across the section, 379 
                                                                               ݉ ൌ ଵ଺ ܾ݀ଶߪ௠௔௫                                                                            (7) 380 
Hence, the flexural tensile strength ௖݂௧௠ǡ௙௟ିଷ (since 3 principal cracks are always developed) of a SFRC round panel 381 
can be expressed as, 382 
                                                                      ௖݂௧௠ǡ௙௟ିଷ ൌ ߪ௠௔௫ ൌ ଺௉ೠሺோି௖ି௥ሻ௕ௗమሾଷ ?ଷሺோି௥ሻାଶగ௥ሿ                                                       (8) 383 
Equation 8 shows that if the radius of the loading plate is ignored, the flexural tensile strength ௖݂௧௠ǡ௙௟ିଷ  can be 384 
overestimated by 18%.  385 
 386 
Figure 18: Yield line analysis of an ASTM C1550-05 round panel 387 
ASTM C1550-05:  ݎ ൌ  ?Ǥ ? ? ݉ǡ the radius of the circular loading plate; 
 ܿ ൌ  ?Ǥ ? ? ? ݉ǡ the distance between the edge of the panel 
and the central line of the support.  ܴ (in m) is the radius (measured) of the round panel; ݀ (in m) is the thickness (measured) of the panel; ߜ଴  is the unit vertical displacement induced by the 
concentrated load; 
 ܾ ൌ  ? ݉  is the unit width of the panel; ߪ௠௔௫  is the 
nominal maximum flexural stress of sections on yield 
lines.  
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The circular yield line in the centre of the specimen (Figure 18), does not appear in the failure photos of the tested round 388 
panels at the bottom (Figure 5), as  the potential failure (yield line) pattern is based on an assumption of perfectly plastic 389 
behaviour of a round panel. In fact, after loading, concentrated microcracking develops in a small region on the soffit of 390 
a lightly reinforced panel where the flexural capacity of SFRC has been exceeded. Furthermore, three main cracks 391 
starting from a point of maximum deflection will migrate to the edges between each pair of supports. 392 
Figure 16 compares the values of ௖݂௧௠ǡ௙௟ିଷ for all SFRC round panels. The largest ௖݂௧௠ǡ௙௟ିଷ values are obtained from 393 
hybrid mixes B [MSF2 (20) + RTSF (10)] and J [MSF2 (10) + RTSF (35)] at 30 and 45 kg/m3, respectively. COV for 394 
௖݂௧௠ǡ௙௟ିଷ for all mixes, are in the range of 0 - 6% (shown in brackets in Figure 16). For all mixes, the variability in the 395 
energy absorption capacity calculated at different deflection values increases with the increase in deflection and 396 
corresponding crack opening. This indicates the fibre-matrix interaction, fibre distribution and orientation became more 397 
predominant as cracks open. 398 
3.4 Correlation in the behaviour of SFRC prisms and round panels 399 
Since the fracture parameters (prisms: ௖݂௧௠ǡ௙௟ିଵ and ோ݂ values; panels: ௖݂௧௠ǡ௙௟ିଷ and ܧ values) represent the fracture 400 
properties of the same material, the flexural behaviour of the SFRC prisms and round panels is expected to be related.    401 
The relation between ௖݂௧௠ǡ௙௟ିଵ and ௖݂௧௠ǡ௙௟ିଷ is shown in Figure 19. In general, the values from prisms ௖݂௧௠ǡ௙௟ିଵ are up to 402 
13% higher than those from round panels for 30 kg/m3 mixes and 11 -18% (except for mix I) for 45 (and the 35) kg/m3 403 
mixes. This can be partly attributed to the different methodology used in each test. For example, in the prism tests the 404 
specimens are notched to force the crack to occur at a given location, hence the crack does not necessarily open at 405 
the section exhibiting the lowest material strength. In the round panels, however, the yield lines form naturally and follow 406 
the weakest sections. It is noted that the round panels have a much larger crack length (yield line equivalent) than the 407 
prisms and, hence, they are expected to show a lower COV as confirmed by the results in Figures 11 and 16. 408 
 22 
 409 
Figure 19: Correlations between  ௖݂௧௠ǡ௙௟ିଵ (prisms) and ௖݂௧௠ǡ௙௟ିଷ (round panels) 410 
Figure 20 shows the correlations between ோ݂ଵ  and ܧହ , ோ݂ସ  and ܧସ଴ . The weaker correlation between ோ݂ସ  and ܧସ଴ 411 
highlights the more variable behaviour of SFRC at large cracks, which can be influenced by the effectiveness of just a 412 
few fibres in the case of the prism tests. There is a reasonable correlation between ோ݂ଵ and ܧହ, which indicates that the 413 
two tests, though dissimilar, they more or less provide the same information. These three mathematical correlations 414 
can help engineers to convert the fracture parameter, from one test to the other, at peak stress (fctm,fl-1 and fctm,fl-3), the 415 
SLS ( ோ݂ଵ and ܧହ) and ULS ( ோ݂ସ and ܧସ଴). It is noted that the proposed equations are only valid for conversion between 416 
ASTM C1550-05 round panel tests and BS EN 14651:2005 prism tests. In order to better compare and exchange results 417 
obtained from different test methods, a broad database of specimens with varying geometry, loading scheme, concrete 418 
strength, fibre dosage and volume, is still required. 419 
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 420 
Figure 20: Correlations between ோ݂ଵ (prisms) and ܧହ (round panels), ோ݂ସ (prisms) and ܧସ଴ (panels) 421 
3.5 Synergetic effect in hybrid mixes 422 
To quantify the synergetic effect in hybrid SFRC mixes, a synergy ratio ௜ܵ, which is a function of the normalised fracture 423 
parameters ݅ of the hybrid mixes with those of the control mixes (MSF-only mixes A and G), is adopted: 424 
                                                                           ௜ܵ ൌ ሺ௜೓೤್ೝ೔೏௜ಾೄಷ െ  ?ሻ ൈ ? ? ?, in %                                                               (9)               425 
Where ݅ represents the ோ݂ values obtained from prism tests or ܧ values derived from round panel tests. Figure 21 shows 426 
the ௙ܵೃ values (dashed lines) and the ܵா values (solid lines) for all hybrid mixes. 427 
428 
                                           (a)                                                                                                                            (b) 429 
Figure 21: Synergetic ratios ܵ௜ for hybrid mixes at (a) 30 kg/m3 (b) 45 kg/m3 430 
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3.5.1 Effect of test type 431 
For the same mix, different and contradictory ௜ܵ values are observed for each type of test. For example, for hybrid mix 432 
C [MSF2 (10) + RTSF (20)], negative ௜ܵ values (-1% to -6%) are determined from the prism tests, whilst positive values 433 
(6 - 24%) are shown for the round panel tests. These differences can be explained by the: (1) nature of the parameter 434 
measured by ோ݂ and ܧ values - ோ݂ is a local value of residual stress whist ܧ quantifies all the energy under the curve; 435 
(2) magnitude of crack width - the crack widths in the round panels are much wider at the correspondingܧ values than 436 
at the ோ݂ values of the prism tests; (3) length and nature of the fracture zone - in the prism tests the fracture zone is 437 
forced to occur at the notched section with a length of 150 mm, whilst in the panel tests the 3 fracture zones (each 438 
around 400 mm long) follow the weakest section in the region of maximum stress; (4) fibre orientation - as fibres are 439 
prone to orientating along boundaries, the fibres in the beams are more favourably oriented. Further research is thus 440 
needed to investigate the effect of fibre orientation and distribution (in particular for hybrid mixes) on the mechanical 441 
properties of multi-scale SFRC specimens. 442 
3.5.2 Effect of fibre dosage  443 
The overall trend (see Figure 21) in both tests shows that small amounts of RTSF (up to 10 kg/m3) offer a significant 444 
synergetic effect, but as their quantity increases that effect diminishes and eventually reverses. As previously discussed, 445 
RTSF tend to be more effective than MSF in controlling microcracks, such that the hybrid mixes containing RTSF can 446 
perform better than MSF-only mixes at the initial microcracking stage. However, even at larger cracks the hybrid mixes 447 
containing a low RTSF dosage (i.e. 10 kg/m3) also exhibit better performance than MSF-only mixes, despite RTSF 448 
being less effective in controlling macrocracks. A likely cause is that the better distribution of RTSF (due to higher fibre 449 
count DVDUHVXOWRIWKHLU³ILQHQHVV´) increases the strength of the concrete matrix (see ௖݂௧௠ǡ௙௟ିଵ for mix E [RTSF (30)], 450 
Figure 11, compared to plain concrete), which can lead to an improved fibre-matrix interfacial bond performance and 451 
thus increased pull-out resistance of MSF. A positive fibre interlock effect may also be provided by the closely spaced 452 
RTSF, even though fibre interlock usually occurs at a high fibre percentage [11]. In the case of round panel tests, where 453 
new microcracks develop at different stages of loading, more RTSF are continuously engaged in controlling 454 
microcracking and dissipating energy. In contrast, for hybrid mixes containing a high dosage of RTSF (and less MSF), 455 
fewer MSF bridge macrocracks and this can lead to a significant degradation of the flexural performance at larger cracks, 456 
and potentially increase variability, as the behaviour of SFRC depends more strongly upon the location and orientation 457 
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of fewer MSF. 458 
4 DESIGN CONSIDERATIONS OF SFRC WITH RTSF UNDER FLEXURE 459 
The positive synergetic effect between MSF and RTSF could lead to the reduction of slab thickness, less joints and less 460 
conventional reinforcement, as well as significant savings in construction time and labour cost. Hence, this synergy 461 
should be exploited during the design stage of concrete slab applications such as slabs-on-grade and suspended slabs. 462 
4.1 Flexural tensile strength and uniaxial tensile strength of SFRC 463 
For the SFRC mixes tested in this study, an increase of 13 - 70% in ௖݂௧௠ǡ௙௟ିଵ was obtained when compared to the 464 
strength of plain concrete. As reported by ACI 544.1R-96 [19], the increase in the direct tensile strength of SFRC is 465 
much lower than that in the flexural tensile strength, since the stress-strain distribution in the tension zone of a specimen 466 
alters from elastic to nearly plastic after cracking. However, the uniaxial tensile stress-strain relationship proposed by 467 
RILEM TC 162-TDF [40] (Figure 22) suggests that the tensile strength ( ௧݂) of SFRC is proportional to the LOP derived 468 
from the prism tests, whilst in Model code 2010 [30] an identical tensile strength as plain concrete is assumed when 469 
FRC shows softening or slight hardening behaviour. These two models can lead to significantly different predictions of 470 
the tensile strength ௧݂ of SFRC, although none of them may be intended to accurately predict the tensile behaviour of 471 
SFRC. For example, the tensile strength of mix H [MSF1 (35) + RTSF (10)] is predicted to be 3.41 MPa based on the 472 
RILEM approach, whist the strength is 2.05 MPa according to Model Code 2010. Since several studies [4,67] have 473 
reported overestimates of flexural behaviour of SFRC using the RILEM approach, it is proposed that for design purposes 474 
the same tensile strength as plain concrete is assumed for hybrid SFRC containing RTSF at a low total fibre dosage. 475 
 476 
                                          (a)                                                                                                    (b) 477 
Figure 22: Uniaxial tensile stress-strain diagrams for SFRC proposed by (a) RILEM TC 162-TDF (b) Model Code 2010 478 
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4.2 Residual flexural tensile strength and energy absorption capacity 479 
The ோ݂ଵ and ோ݂ଶ, ோ݂ଷ and ோ݂ସ values for SFRC prisms obtained in this study are strongly correlated. This implies that just 480 
two independent fracture parameters, e.g. ோ݂ଵ and ோ݂ସ, are sufficient to represent the post-cracking behaviour of SFRC 481 
at small (i.e. the SLS) and large cracks (i.e. the ULS), respectively. Likewise, for the round panel tests, ܧହ and ܧସ଴ seem 482 
to be sufficient to quantify the flexural toughness of SFRC. 483 
In current design guidelines for SFRC applications, two representative values of ோ݂ out of four, are usually used: ோ݂ଵ, 484 
along with ோ݂ଷ or ோ݂ସ. For the design of SFRC ground-supported slabs at the Ultimate Limit state (ULS), the Concrete 485 
Society TR 34 [45] suggests that ோ݂ଵ refers to the axial tensile strength at the crack tip, while the strength at the bottom 486 
crack opening is proportional to ோ݂ସ (Figure 23). For the determination of uniaxial tensile stress-strain diagrams of SFRC 487 
(see Figure 22), only ோ݂ଵ and  ோ݂ସ are used by RILEM TC 162-TDF [40], whilst only ோ݂ଵ and ோ݂ଷ  are employed in Model 488 
Code 2010 [30].  489 
 490 
Figure 23: Stress block of a FRC floor section at the ULS (adopted by the Concrete Society TR 34) 491 
4.3 Ground-supported slab thickness analysis 492 
This section aims to quantify the effect of fibre type and dosage on the design of slab thickness, using the experimental 493 
results of the SFRC prisms examined in this study. As an example, a critical case for ground-supported slabs under 494 
flexure is considered, with two adjacent point loads (e.g. induced by back-to-back racking legs) applied near an edge 495 
of the slab. The design assumptions include a maximum leg load of 78 kN, a typical contact area of 100 mmൈ100 mm 496 
per leg, spacing between two racking legs of 300 mm, and radius of relative stiffness (the stiffness of concrete slab 497 
relative to that of sub-grade material) of 650 mm. The design flexural tensile strength of all SFRC mixes, is taken as 2 498 
MPa, which is proposed to be the same as the design flexural tensile strength of plain concrete, according to the 499 
Concrete Society TR 34 [45]. 500 
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Following the Concrete Society TR 34 design method for FRC ground-supported slabs, the relationship between 501 
required SFRC slab thickness (݄) and the residual flexural tensile strengths ோ݂ଵ and  ோ݂ସ is given by Equation 10: 502 
                                                                        ݄ ൒ ට ଻ଶ଺ହହ଴Ǥ଴଻ଶ௙ೃభା଴Ǥଵ଴଻௙ೃరାଵǤ଻ଶ        (10) 503 
Figure 24 shows the relation between RTSF dosage for each of the SFRC mixes examined in this study and required 504 
slab thickness. As the total fibre dosage increased from 30 kg/m3 to 45 (and 35) kg/m3, the required slab thicknesses 505 
decreased, as expected. However, the required slab thicknesses did not vary considerably at the same total fibre 506 
dosage. Hybrid mixes B and H, both with 10 kg/m3 of RTSF, exhibited the smallest slab thickness requirements.  507 
 508 
Figure 24: Relationship between RTSF dosage and required SFRC slab thickness for the examined SFRC mixes 509 
The results demonstrate that hybrid mixes with RTSF can be competitive substitutes to MSF-only solutions for industrial 510 
concrete flooring applications. Such mixes could enable designs with less volume of concrete required, as well as up 511 
to 35 kg/m3 MSF replacement with lower embodied energy fibres (i.e. RTSF). 512 
5 CONCLUSIONS 513 
The mechanical properties of 10 SFRC mixes using MSF and RTSF hybrids have been investigated by means of 514 
compressive cube, 3-point notched prism and round panel tests. The main research findings are: 515 
x MSF and RTSF hybrids do not significantly affect ௖݂௨ and ܧ௙௠.  516 
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x RTSF are more effective in controlling microcracks. As cracks open, the flexural behaviour of SFRC depends 517 
increasingly more on fibre-matrix interaction, fibre orientation and distribution.  518 
x Owing to the nonhomogeneous fibre distribution of SFRC, the variability of the fracture parameters obtained 519 
from prism tests was up to 35%, and up to 20% for round panels. The MSF and RTSF hybridisation has little 520 
effect on the scatter of the fracture parameters.  521 
x Strong correlations exist between ோ݂ଵ and ோ݂ଶ, ோ݂ଷ and ோ݂ସ (for prisms), as well as ܧହ and ܧଵ଴ǡ ܧଶ଴ and ܧସ଴ (for 522 
round panels). Correlations in the flexural behaviour of the SFRC prisms and round panels are reported. 523 
Proposed equations could be used by engineers to convert fracture parameters from one test to the other, but 524 
a wide testing database is still required. 525 
x Hybrid mixes containing 10 kg/m3 of RTSF at the total fibre dosage of 30 and 45 kg/m3 offer significant 526 
synergetic effect. However, as the RTSF content increases, the performance drops below that of MSF-only 527 
mixes. 528 
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